The rates of oxidation of glycine and ureagenesis were quantified in the basal state and in response to an intravenous infusion of intralipid with heparin (IL) in healthy subjects (n ϭ 8) and in subjects with nonalcoholic steatohepatitis (NASH) (n ϭ 6). During fasting, no significant difference in weight-specific rate of appearance (Ra) of glycine, glycine oxidation, and urea synthesis was observed. Intralipid infusion resulted in a significant increase in plasma ␤-hydroxybutyrate in both groups. The correlation between free fatty acids and ␤-hydroxybutyrate concentration in plasma was 0.94 in NASH compared with 0.4 in controls, indicating greater hepatic fatty acid oxidation in NASH. Intralipid infusion resulted in a significant decrease in urea synthesis and glycine Ra in both groups and did not impact glycine oxidation. The fractional contribution of glycine carbon to serine was lower in subjects with NASH before and after IL infusion. In contrast, the fractional contribution of serine carbon to cystathionine was higher in NASH before and following IL infusion. These results suggest that hepatic fatty acid oxidation is higher in NASH compared with controls and that glycine oxidation and urea synthesis are not altered. An increase in oxidative stress, induced by a higher rate of fatty acid oxidation in NASH, may have caused an increase in the contribution of serine to cystathionine to meet the higher demands for glutathione. glycine cleavage system; glutathione; fatty acid oxidation; ketones; serine; glycine; mitochondrial function; nonalcoholic fatty liver disease ABNORMALITIES IN HEPATIC MITOCHONDRIAL function have been associated with hepatocellular injury in a number of disorders (5, 22, 29, 30, 37, 38) . Specifically in relation to nonalcoholic fatty liver disease (NAFLD), there is growing evidence suggesting a role of mitochondrial dysfunction in the pathophysiology of nonalcoholic steatohepatitis (NASH) in humans and animal models (8, 33, 37, 40, 51) . In humans, mitochondrial dysfunction has been based on the demonstration of crystalline inclusions in the mitochondria and the presence of mega mitochondria in liver biopsy, decreased activity of the respiratory chain complex in vitro, evidence of increased generation of reactive oxygen species (ROS) and oxidative stress, and a delay in the regeneration of ATP following a load of oral fructose (5, 6, 35, 44) . Perturbations in mitochondrial oxidation in NASH have been suggested by 13 C-labeled methionine and octanoate breath tests (3, 32). The impact of NASH on other mitochondrial metabolic pathways such as glycine cleavage system and urea synthesis have not been examined in humans.
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Glycine, a dispensable amino acid, participates in a number of metabolic processes in humans and animals as a contributor to the 1-carbon pool, as a precursor for serine, as a component of glutathione, and as a substrate in purine and protein synthesis. In mammals, glycine is metabolized via the glycine cleavage system (EC.2.1.2.10) present in the inner mitochondrial membrane (23) . The glycine cleavage system catalyzes the oxidative cleavage of glycine to CO 2 , NH 4 ϩ , and a methyl group that is transferred to tetrahydrofolate (Fig. 1) . The enzyme is expressed in the liver, kidney, and other tissues in mammals, and its activity is reported to be highest in the liver. Because glycine cleavage system is a hepatic mitochondrial enzyme and NAD is a cofactor for this reaction, mitochondrial dysfunction and change in hepatic redox could impact the activity of this enzyme.
Ureagenesis is a bicompartmental cycle in the liver initiated in the mitochondria and completed in the cytosol. The effect of mitochondrial dysfunction on hepatic ureagenesis has not been examined. We hypothesized that, as a result of hepatic mitochondrial dysfunction in NASH, the rate of ureagenesis may be attenuated.
We also examined the effect of increasing plasma free fatty acids (FFA) on glycine cleavage system and urea synthesis by infusing Intralipid with heparin. Plasma fatty acids are rapidly taken up by the liver, enter the ␤-oxidation pathway, and are converted to ketones. The hepatic mitochondrial redox state is reduced as a result of an increased generation of NADH and FADH 2 during ␤-oxidation. In addition, fatty acid oxidation increases ROS production by slowing the rate of electron flow through the respiratory chain by interacting with the subunit structure of complex I and by the release of cytochrome c from the inner membrane of the mitochondria (1, 46) .
In the present study, we have quantified the rates of oxidation of glycine and of urea synthesis in the basal state in subjects with NASH who had been confirmed by liver biopsy and compared it with healthy controls. The effect of an increase in the concentration of FFA in the plasma on the levels of glutathione in the plasma, glycine cleavage system, urea synthesis, and the incorporation of glycine carbon into serine and cystathionine were quantified. Glycine kinetics were quantified in six subjects with NASH and compared with eight, age-matched healthy controls ( Table 1) . As anticipated, subjects with NASH had a higher body mass index (BMI), greater insulin resistance, as measured by homeostatic model of insulin resistance (HOMA), and had higher plasma alanine aminotransferase and triglyceride levels. NASH was confirmed by liver biopsy.
MATERIALS AND METHODS

Sterile
Healthy controls were recruited by advertisement. A detailed clinical history was obtained on each subject, followed by a physical examination. Hepatic steatosis was excluded by ultrasound examination (performed by the same investigator, S. Dasarathy) and by the presence of normal plasma transaminase levels.
The study protocol was approved by the Institutional Review Board (IRB) of the Cleveland Clinic. Written, informed consent was obtained from all subjects after having the procedure fully explained.
All subjects were placed on a weight maintenance diet containing at least 75 g of protein/day for 7 days before the tracer study. Dietary compliance was monitored by a clinical nutritionist. The study design is displayed in Fig. 2 . Tracer kinetic studies were performed in the Clinical Research Unit of the Cleveland Clinic (NIH, CTSA, Case Western Reserve University). Subjects reported to the unit at 7:00 AM, following a 12-h overnight fast. Their weight, height, and vital signs were measured. Two indwelling cannulae were placed in the dorsal vein of each hand, one for tracer infusion and the other to obtain blood samples. The sampling site was kept warm by placing the hand in a thermostat-controlled warm blanket. Accurately weighed amounts of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 
The actual rate of infusion was confirmed by gravimetrically measuring the rate of flow using the same tubing and equipment at the end of the study. The concentration of glycine and urea in the infusate were measured as described in Analytical methods. All tracer solutions were tested in the hospital clinical laboratory and were found to be sterile. Blood samples (6 ml), in EDTA-and heparin-coated tubes, were obtained at time 0, before tracer infusion, and at 30-min intervals for 4 h. Following the basal study (4 h), the response to intravenous lipid infusion was examined. Triglyceride solution (20%) (Intralipid) with heparin (0.2 U/kg) was infused at 40 ml/h to increase the plasma free fatty acid concentration by ϳ750 mol/l. Intralipid contains 50% linolate, 26.5% oleate, 10.5% palmitate, and 3.5% stearate, as stated by the manufacturer. Blood samples were obtained at 20-min intervals throughout the lipid infusion.
Plasma was separated immediately by centrifugation in cold and stored at Ϫ80°C. Lipolytic inhibitor was not used. The rates of CO2 production and O2 consumption were measured using an open hood system (Viasys Encore, Cardinal Health, Dublin, OH). Breath samples were obtained by having the subject breathe into an anesthesia bag via a one-way Rudolph valve. An aliquot of the expired air was transferred to the sampling tube for the measurement of 13 C enrichment in the expired CO 2.
Analytical methods. 13 C enrichment of glycine, serine, and cystathionine and 15 N enrichment of urea were measured using gas chromatography (GC)-mass spectrometry. Urea and amino acids in the plasma were separated using mixed-bed ion exchange chromatography as described previously (19) . [ 15 N2] enrichment of urea was measured as described (48) . An N-propyl-n-acetyl ester derivative of glycine and serine was prepared according to the method of Adams (2) , with certain modifications (20) . The amino acid derivatives were separated on a GC-mass spectrometry system (6890N GC System coupled with 5975 mass selective detector; Agilent Technologies, Santa Clara, CA) using a Supelco Wax-10-fused silica capillary column (30 m ϫ 0.25 mm ϫ 0.25 m). The injector port temperature and auxiliary temperatures were 250°C. The oven temperature ramp was set as follows: the initial oven temperature was 85°C and was increased to 200°C for 2 min at the rate of 30°C per minute, then to 220°C for 4 min at 30°C per minute, and finally to 250°C for 3 min, at the rate of 50°C per minute. Glycine eluted at 8.5 min and serine at 10.6 min. Positive chemical ionization and selected ion monitoring were used to monitor mass-to-charge ratio (m/z) for ions 160 and 161 representing unlabeled (m 0) and 13 C-labeled (m1) glycine and m/z 232 and 233 for unlabeled (m 0) and labeled (m1) serine. Cystathionine enrichment was quantified as described by Davis and colleagues (7) . m/z 678 and 679 were monitored in the negative chemical ionization mode using an Agilent GC-mass spectrometer system. 13 C enrichment of expired CO 2 was measured using an isotope ratio mass spectrometer (by Metabolic Solutions, Nashua, NH). Plasma concentration of homocysteine, cysteine, and glutathione were measured by high- Fig. 1 . The metabolism of glycine in vivo. As shown, glycine is catalyzed by glycine cleavage system (GCS) to yield CO2, ammonia, and formation of N5N10 methylene-tetrahydrofolate (THF). Glycine can also form serine catalyzed by serine hydroxymethyltransferase (SHMT), wherein a methyl group is obtained from N5N10 methylene tetrahydrofolate. Serine can condense with homocysteine to form cystathionine, the precursor for cysteine and ␣-ketobutyrate. GSH, glutathione. *Represents the pathway for labeling of serine and cystathionine following [1- 13 C]glycine tracer infusion. pressure liquid chromatography (HPLC) (10) . Plasma concentration of betaine, dimethylglycine, and choline was measured by LC-MS-MS (14) . Amino acid concentration in plasma was measured by HPLC using an OPA derivative and a fluorescence detector as described (20) . Plasma FFAs were measured colorimetrically (28) , and ␤-hydroxybutyrate concentration was measured enzymatically using a spectrofluorometer (36) . Total, free, and acyl-carnitines in the plasma were measured by HPLC electrospray ionization mass spectrometry (33) . Ultrasensitive C-reactive protein (CRP) concentration was measured in the clinical laboratory using a commercial kit. Total antioxidant status in the plasma was measured before and after intralipid infusion using a RANDOX Kit (Randox Laboratories, Crumlin, UK).
Calculations. The rate of appearance (R a) of glycine and urea were calculated during the steady state using tracer dilution equa-
, and EI and EP are the respective enrichments of the tracer infused and that of the tracer in the plasma. The rate of oxidation of glycine was calculated from the appearance of 13 C in expired CO2 (19, 21) . The contributions of glycine to serine and cystathionine were calculated using precursor-product relationship.
Statistics. All data are reported as means Ϯ SD. Quantitative and rating variables were compared by the Student's t-test for data that had a normal distribution. Skewed data were compared using the Mann-Whitney test. Comparisons of data in the same subject during the fasted state and in response to intralipid infusion were done using the paired t-test or the Wilcoxon signed rank test. Association between variables was determined by the Pearson's correlation coefficient. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Eight healthy controls and six subjects with NASH that had been established by biopsy were studied. The study subjects were matched for age. All subjects with NASH were obese, had high BMI and higher HOMA values, and were not diabetic (Table 1) . Their fasting plasma glucose concentration was not different from that of the controls (controls: 82.9 Ϯ 14.1 mg/dl, NASH 95.8 Ϯ 10.1 mg/dl, P ϭ 0.07); however, their plasma insulin concentrations were significantly higher (NASH: 29.5 Ϯ 2.0 U/ml vs. Controls: 5.3 Ϯ 1.8 U/ml, P Ͻ 0.05). One subject in the healthy control group was obese (BMI: 43.2 kg/m 2 ) but did not have hepatic steatosis on ultrasound examination and had plasma transaminase levels in the normal range. The plasma levels of ultrasensitive CRP were significantly higher in patients with NASH compared with healthy controls ( Table 1) . The respiratory calorimetry measurements are displayed in Table 2 . There was no difference in the rate of oxygen consumption, CO 2 production, and respiratory exchange ratio in the basal state or in response to intralipid infusion between the groups.
Plasma FFA and ␤-hydroxybutyrate concentration. The plasma FFA concentration (mmol/l) were not significantly different between healthy controls and subjects with NASH (controls 0.54 Ϯ 0.17, NASH 0.45 Ϯ 0.1; means Ϯ SD) during the basal period. Infusion of Intralipid resulted in an increase in FFA levels in both groups (Fig. 3) . At 4 h of intralipid infusion, the concentration of FFA was not significantly different between the two groups (controls 1.32 Ϯ 0.38, NASH 1.07 Ϯ 0.19).
In the basal state, the plasma concentration of ␤-hydroxybutyrate was not significantly different in subjects with NASH compared with control subjects (control 0.31 Ϯ 0.13 mmol/l, NASH 0.49 Ϯ 0.19 mmol/l, P ϭ 0.06). As a result of infusion of fatty acids, there was a significant increase in plasma ␤-hydroxybutyrate concentration in both groups (at 480 min, controls 0.73 Ϯ 0.27 mol/l, NASH 0.98 Ϯ 0.41 mol/l). A significant correlation between plasma FFA and ␤-hydroxybutyrate concentrations was evident in both controls and in subjects with NASH (controls: y ϭ 0.38x ϩ 0.13; r 2 ϭ 0.43, P Ͻ 0.0001; NASH: y ϭ 0.94x ϩ 0.07, r 2 ϭ 0.58, P Ͻ 0.0001). The greater slope of this correlation in subjects with NASH suggests a higher rate of synthesis of ␤-hydroxybutyrate (Fig. 4) .
The plasma concentrations of total carnitines, free carnitines, and acylcarnitines were not different in controls and in NASH in the basal state or following intralipid infusion (Table 3) . There was a significant decrease in free carnitine levels and a significant increase in acylcarnitine levels following intralipid infusion in both groups. All data are means Ϯ SD. VO2, rate of oxygen consumption; VCO2, rate of production of carbon dioxide; RER: respiratory exchange ratio. 
Urea kinetics. A steady-state [
15 N] enrichment in the plasma urea pool was achieved in all subjects between 2 and 3 h. The 15 N enrichment (m 2 ) of urea and the calculated rate of urea synthesis are displayed in Table 4 . During fasting, there was no significant difference in the weight-specific or total rate of urea synthesis between the two groups. There was an increase in (m 2 ) enrichment and therefore a decrease in the rate of synthesis of urea, in both healthy controls and in subjects with NASH immediately in response to an increase in plasma FFAs. The magnitude of decrease in urea R a was similar in both NASH subjects and healthy controls.
Glycine kinetics. The rate of appearance (R a ) of glycine (on the basis of body weight) after an overnight fast was lower in subjects with NASH compared with the healthy controls (NASH 103.5 Ϯ 10.7 vs. controls 133.1 Ϯ 33.0 mol⅐kg Ϫ1 ⅐h
Ϫ1
; P ϭ Ͻ0.05) ( Table 5 ). However, this difference was entirely due to the greater weight of the subjects with NASH so that the total rate of appearance of glycine (mmol/h) was not different in the two groups. Intralipid infusion resulted in a significant decrease in the rate of appearance of glycine (mmol/h) in both healthy controls and in subjects with NASH. The rate of oxidation of glycine, as determined by the rate of appearance of 13 C of glycine in expired CO 2 , was 20 -25% of the glycine R a , or ϳ26 mol⅐kg Ϫ1 ⅐h Ϫ1 and was not different between the two groups. Intralipid infusion did not effect the rate of oxidation of glycine in either group.
Contribution of glycine C to serine and cystathionine. The 13 C enrichment (m 1 ) of glycine, of serine, and of cystathionine are displayed in Table 6 . The contribution of glycine to serine and of serine to cystathionine was estimated by comparing their respective (m 1 ) enrichments. The fractional contribution of glycine to serine was significantly lower in subjects with NASH, both in the basal state and during intralipid infusion (P Ͻ 0.03).
The fraction of cystathionine derived from serine was not different in the basal state between the two groups. Intralipid infusion resulted in a significant increase in the fractional contribution of serine to cystathionine in both groups. However, the increase was greater (13.7% vs. 7.2%, P ϭ 0.04) in subjects with NASH, when compared with controls.
Other measurements. There was no significant difference in the plasma concentration of amino acids during fasting between controls and NASH (Table 7 ). There was no significant change in plasma amino acids in response to infusion of Intralipid.
The concentration of betaine, choline, and dimethylglycine in plasma was similar in subjects with NASH and controls (data not presented). The concentration of glutathione, cysteine, and homocysteine in plasma was also not different between controls and subjects with NASH during the basal state and during intralipid infusion (Table 8 ). However, there was a significant increase in the concentration of glutathione in the plasma in response to intralipid infusion in subjects with NASH. The total antioxidant status (RANDOX) was not different between controls and NASH before (controls 1.46 Ϯ 0.14 mmol/l; NASH 1.37 Ϯ 0.13 mmol/l) or after (controls 1.65 Ϯ 0.27 mmol/l; NASH 1.43 Ϯ 0.11 mmol/l) intralipid infusion. 
DISCUSSION
In the present study, we have measured the rates of ureagenesis and oxidation of glycine in humans with NASH and examined the response to intralipid administration. We examined subjects with NASH because of the previous data suggesting mitochondrial dysfunction in this disorder (5, 44, 47) . We studied age-and sex-matched control subjects; however, matching for weight (obesity) without steatosis was difficult. There was no significant difference in the rates of appearance of glycine, urea, and oxidation of glycine in subjects with NASH compared with the healthy controls. Subjects with NASH showed higher hepatic fatty acid oxidation as evidenced by the correlation between plasma levels of FFA and ␤-hydroxybutyrate (Fig. 4) . In response to fatty acid administration, subjects with NASH increased their plasma glutathione levels and had a higher contribution of serine to cystathionine. The rate of ureagenesis and glycine R a decreased in response to increase in plasma FFA, whereas the rate of oxidation of glycine remained unchanged in both NASH and healthy controls.
Hepatic fatty acid oxidation. We infused intralipid with heparin to increase plasma FFAs and consequently increase hepatic fatty acid uptake and oxidation and change the hepatic redox state. Infusion of intralipid with heparin resulted in the anticipated increase in plasma FFA and ␤-hydroxybutyrate concentration in the blood of both healthy controls and subjects with NASH. Although there was no statistically significant difference in the plasma concentrations of FFAs and ␤-hydroxybutyrate in the two groups, either in the basal state or during lipid infusion, the relationship (slope 0.94 NASH, 0.38 controls) between the plasma concentration of FFAs and ␤-hydroxybutyrate was different in the two groups (Fig. 4) , suggesting a higher hepatic oxidation of fatty acids in subjects with NASH. Our data are consistent with studies using [ 13 C]octanoate load, showing a high rate of oxidation of the administered fatty acid and with the observation of higher FFA and ␤-hydroxybutyrate in subjects with NASH by Sanyal et al. (32, 44) . These are in contrast to the other data in the literature suggesting a lower rate of fatty acid oxidation and thus contributing to hepatic steatosis (reviewed in Ref. 41 ). However, these inferences have been drawn from genetic disorders of hepatic fatty acid oxidation, which leads to steatosis, and from other animal models (41) .
Intralipid infusion did not cause any significant change in the total antioxidant status in both groups, suggesting an appropriate compensatory response. However, plasma antioxidant status may not necessarily be representative of the liver.
A high hepatic fatty acid oxidation and ketogenesis will result in lower NAD/NADH ratio and consequent lower citric acid cycle flux and greater ROS production. The responses to lipid infusion, urea synthesis, and glycine oxidation, discussed below, are likely to be the consequence of a reduced hepatic redox state and increased oxidative stress.
Urea synthesis. We quantified the rates of urea synthesis in subjects with NASH because the rate-limiting steps of urea synthesis, i.e., synthesis of carbamoyl phosphate and citrulline, occur in the mitochondria and require ATP. There was no significant difference in the rate of urea synthesis between the two groups during fasting (Table 4) . Infusion of intralipid and, consequently, oxidation of fatty acid in the liver were associated with a significant decrease in the rate of urea synthesis, both in healthy controls and in subjects with NASH. The http://ajpgi.physiology.org/ decrease in urea synthesis was evident within 60 min of intralipid infusion in all subjects. A similar decrease in urea synthesis in response to lipids has been reported by others (9, 31, 34) . In contrast, one study did not observe any change in urea synthesis in response to intralipid in healthy subjects; however, this may be related to the cross-sectional design of that study (12) . The decrease in urea synthesis is unlikely to be related to a reduction in the rate of protein breakdown, resulting in a lower amino acid load to the liver because the observed response was too rapid to be attributable to this mechanism and there was no significant change in plasma concentration of amino acids. Whether the change in urea synthesis was due to decrease in hepatic protein breakdown cannot be excluded. The change in urea synthesis is most likely due to a shift in the hepatic redox state caused by the enhanced rate of fatty acid oxidation (Fig. 4) . A lower NAD/NADH ratio could decrease the oxidative deamination of glutamate by glutamate dehydrogenase so that the generation of free ammonia for urea synthesis would be attenuated, resulting in a lower rate of urea synthesis. In addition, the synthesis of aspartate, which provides one of the amino groups incorporated into urea, would be decreased because of the increased conversion of oxalacetate to malate (malate dehydrogenase) that would be favored by the increase in mitochondrial NADH. There was no significant difference in the magnitude of decrease in urea synthesis in either NASH subjects or controls, indicating that the provision of fatty acids controlled the overall fate of hepatic nitrogen disposal by decreasing urea cycle flux.
Glycine metabolism. The weight-specific rate of appearance of glycine was lower in subjects with NASH compared with the controls (Table 5) . Because the subjects with NASH were all obese and had significantly higher (ϳ18%) body weight compared with healthy controls, the difference in weightspecific glycine R a was entirely due to the differences in body weight. Expression of data on the basis of body surface area or estimated lean body mass also did not reveal a significant difference in glycine R a . The best method for the normalization of glycine kinetics is uncertain. Because the majority of glycine is derived from de novo synthesis, which occurs in all tissues in the body, we elected to report total and weightspecific R a rather than in relation to lean body mass. Our estimates of glycine R a are of similar magnitude as reported in the literature (27) . We did not correct glycine R a for the intracellular dilution of the tracer because reliable estimates of intracellular dilution in various compartments are not available. The major sources of glycine in vivo are from protein breakdown and de novo synthesis from other amino acids such as serine and threonine (42, 43) . The rate of whole body protein breakdown is suggested to be higher in insulin-resistant states; therefore, an unchanged glycine flux in NASH may be due to lower de novo glycine synthesis. It is important to note that glycine kinetics are unchanged under a variety of metabolic and nutritional perturbations such as malnutrition or in response to a marginal protein intake in healthy adults (11, 16, 17) . In response to Intralipid infusion, a significant reduction in glycine R a occurred in both healthy controls and NASH. This decrease is likely related to a stimulation of gluconeogenesis in the liver by fatty acid oxidation (25, 26) . This would increase the utilization of serine for the synthesis of glucose. In addition, because the first step in serine biosynthesis from 3-phosphoglycerate, catalyzed by phosphoglycerate dehydrogenase, uses NAD as a cofactor, a reduced redox state as a result of fatty acid oxidation could lower the rate of synthesis of serine and, consequently, result in a lower glycine R a . Finally, an increase in the rate of glutathione synthesis as a result of fatty acid-induced oxidative stress (1, 46) could also divert serine into the transulfuration pathway for cysteine synthesis. The increase in the contribution of glycine to serine following intralipid infusion (Table 6) is consistent with such a hypothesis. Therefore, the decrease in glycine R a in response to an increase in hepatic fatty acid oxidation could be the result of a decrease in production, as well as increased utilization, of serine for gluconeogenesis and cystathionine production; this would decrease the availability of serine for glycine production. The primary route of glycine disposal is catalyzed by the glycine cleavage system (23) located in the inner mitochondrial membrane in the liver, kidney, and brain. Quantitatively, the activity is estimated to be highest in the liver. The glycine cleavage system catalyzes the oxidative cleavage of glycine to CO 2 , NH 4 ϩ , and a methylene group that is transferred to tetrahydrofolate (Fig. 1) . In this reaction, NAD is reduced to NADH, which is subsequently reoxidized in the electron transport chain to yield energy. In isolated perfused rat liver (13) and in isolated mitochondria (18) , the flux through glycine cleavage system was inhibited by reduction in mitochondrial NAD(H) redox complex. Because a number of studies, both in vivo and in vitro, using a variety of animal models have suggested impaired mitochondrial function in steatosis and steatohepatitis, we hypothesized that, in subjects with NASH, the rate of oxidation of glycine will be attenuated and that it will be further impaired in response to infusion of fatty acids. As shown in Table 5 , there was no significant difference in the fraction of glycine R a that was oxidized to CO 2 and the rate of oxidation of glycine in the basal state. In addition, intralipid infusion did not have any significant impact on the appearance of glycine C in CO 2 , in either controls or in subjects with NASH.
The lack of significant effect of fatty acid on the glycine cleavage system was surprising because fatty acids were being oxidized in the liver (elevated ␤-hydroxybutyrate levels) at a higher rate in subjects with NASH, and there was a change in other mitochondrial pathways, e.g., decreased urea synthesis. This lack of effect may be due to strict compartmentation of the mitochondrial membrane and matrix NAD/NADH system so that a change in the matrix is not reflected in the mitochondrial membrane (15) , the location of the glycine cleavage system. It is also possible, though unlikely, that the changes in the flux acid through the glycine cleavage system were not reflected in expired CO 2 during the 4 h of lipid infusion because of All data are means Ϯ SD. Significantly different than fast, *P Ͻ 0.02 paired analysis. Fig. 5 . Effect of fatty acids on hepatic ureagenesis and glycine cleavage system in NASH; greater ␤-oxidation of fatty acids in response to increased fatty acid uptake results in decreased NAD:NADH ratio and increased generation of reactive oxygen species, consequently attenuating tricarboxylic acid cycle flux and higher ␤-hydroxybutyrate (␤OHB) synthesis. The lower rate of ureagenesis in response to hepatic fatty acid oxidation may be the result of change in redox and its effect on glutamate dehydrogenase (GDH), resulting in lower production of ammonia (detailed in DISCUS-SION). The greater utilization of serine for gluconeogenesis induced by fatty acid oxidation and for cystathionine synthesis will result in lower Ra of glycine. Interestingly, the change in redox in the mitochondrial matrix did not impact the GCS. AcAc, acetoacetate; ␣KG, ␣-ketoglutarate; MTHF, methylene tetrahydrofolate; OAA, oxaloacetic acid; TCA, tricarboxylic acid cycle; AcCoA, acetyl CoA.
relatively slow turnover rate of the whole body bicarbonate pools. Serine, cystathionine, and glutathione. Intralipid infusion resulted in an increase in plasma glutathione in subjects with NASH. Because plasma glutathione is mostly derived from the liver, this increase may be due to increased glutathione synthesis as a result of the elevated oxidative stress caused by higher fatty acid oxidation in subjects with NASH. These data are consistent with higher rates of synthesis of cystathionine from serine in the NASH subjects.
In summary, data from the present study show that two key hepatic mitochondrial pathways, ureagenesis and glycine cleavage system, were not effected by NASH. The relationship between plasma fatty acids and ␤-hydroxybutyrate levels suggested an increased hepatic fatty acid oxidation in NASH, particularly in response to fatty acid load (Fig. 5) . Increased hepatic fatty acid oxidation and the resultant change in hepatic redox state and increased oxidative stress resulted in higher contribution of serine to cystathionine in both groups and higher plasma concentration of plasma glutathione in NASH. These data suggest that subjects with NASH can mount appropriate compensatory responses to oxidative stress and to change in hepatic redox induced by fatty acid load. The present study demonstrates that the delivery of fatty acids to the liver reveals abnormalities in the metabolic capacity of this organ and provides a useful model to study the pathophysiology of NASH. Additionally, the products of ␤-oxidation may also contribute to the development of hepatic insulin resistance as suggested by Koves et al. (24) for the skeletal muscle.
